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TRANSONIC OFF-DESIGN DRAG AND PERFORMANCE OF AN AXISYMMETRIC 
INLET WITH 40-PERCENT INTERNAL CONTRACTION ON DESIGN 
by Richard R. Woollett, Edward T. Meleason, and David A. Choby 

Lewis Research Center 

SUMMARY 

An experimental investigation was conducted to determine the drag and pressure 
performance of an axisymmetric supersonic inlet when operated off design in the tran- 
sonic speed range. The inlet configuration was derived from a Mach 2. 5 mixed com- 
pression inlet design with assumed variable geometry. 

At typical engine airflows the drag coefficient varied from 0. 057 to 0. 192 when the 
Mach number changed from 0. 80 to 1. 27. In general, the drag characteristics of the in- 
let including additive and cowl pressure drag exhibited the typical drag rise associated 
with slender bodies or wings. Below Mach number 0. 90 a lower drag result when the 
excess airflow is spilled over the cowl rather than through the bypass doors: above Mach 
number 1. 1 it is best to spill only 20 to 25 percent of the excess flow through the bypass 
doors. 

The presence of a wing simulator resulted in a sizable increase in total drag at 
Mach 1. 2. This interference drag, which is roughly a 0. 1 increase in drag coefficient 
(based on inlet capture area), originates equally from an increase in both additive and 
cowl pressure drag. At lower Mach numbers the wing had very little influence on the 
total drag. 

Generally, configurations using single flap bypass doors gave larger drags than 
those using multiple flap doors. The largest difference in drag coefficient was 0. 02; this 
difference occurred at a free stream Mach number of 1. 27 and bypass flap angle of 10°. 


INTRODUCTION 

When supersonic inlets are flown at transonic speeds, the engine requires only about 
60 percent of the capture mass flow. The manner in which the excess mass flow is 
spilled affects the drag of the nacelle. It has been estimated that the drag penalty 



associated with spilling this air on a Mach 2. 7 transport can be as much as 3 percent of 
the payload, even though it occurs only during acceleration and deceleration of the ve- 
hicle through the sonic region (ref. 1). If a holding pattern is required, the additional 
fuel needed will depend directly on the subsonic drag and consequently on how the excess 
air is dumped. The fuel required for the subsonic part of a typical mission plus a re- 
serve required for a possible holding pattern can easily be equal to the weight of the pay- 
load (ref. 2). Moreover, this does not include any fuel for a flight pattern over land that 
may limit the aircraft to subsonic speeds. Consequently, any improvements in subsonic 
and transonic drag can significantly affect the payload. 

The NASA Lewis Research Center is conducting tests to evaluate the performance 
characteristics of a series of supersonic inlets at off -design conditions. The present re- 
port presents data of one axisymmetric inlet that was tested under this program. At the 
inlet design Mach number of 2. 5, 40 percent of the supersonic area contraction was in- 
ternal. The design configuration of the mixed compression inlet was previously tested at 
Mach 2. 5 (ref. 3). The off -design configuration was formed by collapsing the throat re- 
gion of the centerbody surface and translating the centerbody forward to eliminate in- 
ternal contraction. These modifications of the on -design inlet would provide adequate 
weight flow for a typical turbojet engine during transonic operation. 

There are several ways in which spilled air can be handled with fixed cowl inlets : 

(1) air can be dumped over the cowl, or (2) it can be taken on board and then dumped 
through bypass doors ahead of the compressor face station. When air is dumped over 
the cowl, a favorable cowl suction force exists. Just when it is best to bypass the flow 
varies with the individual inlet and flight Mach number. The present report evaluates 
the various schemes to dump the excess air and includes a relative evaluation of multiple 
and single flap bypass doors . 

The transonic performance including compressor face total pressure recovery, 
steady-state distortion, dynamic distortion, and cowl, spike, and wing surface static 
pressures is presented. In addition, total drag measurements were taken. The drag is 
broken into its various components, that is, additive, cowl, and friction. The influence 
of a nearby simulated wing is also investigated. 

The tests were conducted in the Lewis Research Center 8 by 6 Foot Supersonic Wind 
Tunnel over a Mach range of 0. 8 to 1 27. For the 25. 4 -centimeter model tested, the in- 
let Reynolds number was roughly 3.7x10 . Although U.S. Customary Units were spec- 
ified when the model was fabricated, all the dimensions reported herein are either in SI 
Units or are nondimension al. The definitions of the symbols used in this report are 
presented in appendix A. 
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APPARATUS AND PROCEDURE 


Model 

The basic inlet coordinates were obtained by modifying the coordinates of a double 
cone inlet tested earlier at Mach 2. 5 (ref. 3) to eliminate all internal contraction. 

The supersonic area contraction of a capture stream tube of the design inlet was 60 
| percent external and 40 percent internal. The centerbody surface was changed to 
simulate a configuration that would result if the surfaces of the design inlet were col- 
lapsed to lower the 18° half angle of the second cone to the 10° value of the first cone. 

In addition, it was necessary to translate the entire centerbody upstream to achieve the 
aforementioned transonic design criteria of no internal contraction. The configuration 
will hereafter be referred to as the 60-40 T inlet, where the T means translated. The 
surface coordinates and the area variation of both the design and transonic version of the 
60-40 T inlet are plotted in figure 1. Table I lists the nondimensional coordinates of the 
external surfaces of the inlet from the cone tip of the centerbody downstream to the com- 
pressor face station. The upstream opening of the bypass doors is 3. 619 and the down- 
stream opening is 4. 061 cowl diameters from the centerbody tip of the inlet. The center - 
body has been translated 0. 291 cowl diameter upstream. The capture area of the inlet is 
375. 8 square centimeters (58. 25 in. ^). 

A schematic drawing showing the cross section of the model is presented in fig- 
ure 2(a). With the exception of the model support sting, the mass flow exit plug, and the 
outer shell windshield and base pressure skirt, the entire model formed the metric unit 
of the force measuring system. The outer shell windshield and base pressure skirt were 
grounded in the force system in the axial direction but were free to move in the trans- 
verse direction. This type of constraint would eliminate any excessive perpendicular 
forces due to model deflections. These nonmetric parts of the model are identified in 
the schematic presented in figure 2(a). The nonmetric outer shell windshield was used 
to reduce the friction drag over the aft part of the model. A bearing of 30 Teflon spacers 
was installed between the outer shield and the 25. 4 -centimeter metric cylinder. These 
triangular shaped spacers prevent the friction drag from being transferred to the metric 
cylinder (see fig. 2(c)). To prevent air flow between the two surfaces and a resulting 
friction drag, a neoprene curtain was installed in the annular passage between the two 
shells near the leading edge of the outer shell windshield. 

The load cell mounted between the centerbody and model support sting (fig. 2(a)) had 
a load capacity of ±4448 newtons. Since variations in perpendicular loads affect the load 
cell reading, the load cell has to be isolated from all such forces. Both a sting bearing 
and a strut bearing (fig. 2(b)) were used to isolate the perpendicular loads on the load 
cell. If the strut bearing had not been used, the estimated perpendicular loads on the 
sting bearing would have exceeded their design limits. The side forces were eliminated 
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by using the bearing parts of a separate strut balance system in which the strain gages 
were removed. This bearing system removed both vertical and horizontal forces so that 
only axial forces were actually applied to the load cell. The maximum deviation of the 
load cell was less than ±6. 7 newtons from the linear calibration curve used in this test. 

Five bypass door configurations were tested: (1) closed bypass doors, which are 
indicated by the dotted line in figure 3(a); (2) 5° single flap bypass doors, which are de- 
picted in figure 3(a); (3) 10° single flap bypass doors; (4) 5° multiple flap bypass doors; 
and (5) 10° multiple bypass doors, which are depicted in figure 3(b). The flow passage 
between each of the flaps has side plates in order to eject the bypass flow mainly in a 
downstream direction. The actual detail of the flap construction is depicted in fig- 
ure 3(c). The general location of the door with respect to the inlet can be seen in the 
model schematic of figure 2(a) which depicts the 5° multiple flap bypass door configura- 
tion. Photographs of the 10° single and multiple flap door showing upstream and down- 
stream views, respectively, are shown in figures 4 and 5. In figure 5 a spare multiple 
flap door insert is setting on top of the model to present an underside view of the bypass 
doors. 

A portion of the inlet performance and drag tests was run with the nacelle under a 
flat plate set at a 0° angle of attack. This flat plate simulated a wing in order to eval- 
uate the installation drag associated with an underwing nacelle installation. The 
leading edge of the plate is located 5. 4 cowl diameters upstream of the cowl lip. The 
cowl lip of the inlet is positioned nominally 0. 21 cowl diameter below the plate. The 
total length of the flat plate is 7. 9 cowl diameters. A photograph of the nacelle mounted 
under the wing simulator is presented in figure 6. 


Instrumentation 

The testing was divided into two parts: one was primarily concerned with the bulk of 
pressure measurement, and the other was primarily concerned with the force measure- 
ments of the load cell. This split in data taking was necessary because a large bundle of 
pressure tubes spanned the balance in a rather confined space. Duplicate runs were 
made for each bypass door configuration, and the measurements were correlated by the 
measured mass flow at the exit plug. Consequently, when the drag and performance of 
one inlet configuration was compared with another configuration it was necessary first to 
plot the data as functions of mass flow m^/mQ in order to obtain a commonality of test 
conditions. 

The pressure measurements included an axial row of static pressures along the cen- 
terbody at 90° and along the top (0°) external surface of the cowl. The locations of these 
static pressure taps are listed in table II and their relative positioning on the inlet is 
shown in figure 7. The total and static pressure instrumentation located at the 
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compressor face station is depicted in figure 7(b). There are five 6-tube total pressure 
rakes, one 4 -tube dynamic pressure rake, and 9 wall statics at this model station. 

There are total rakes located at the same circumferential angle as the centerline of the 
bypass doors as well as midway between the bypass doors. These doors are just up- 
stream of the rakes (fig. 3). Total pressures are measured at the cowl face station with 
a single rake as depicted in figure 7(c). The positioning of all total pressure tubes are 
area weighted for the flow passage where they are located. In addition, wing static 
(fig. 7(a)) and mass flow static pressures were recorded. Base static pressures and 
load cell chamber pressure were also taken in order to calculate tare loads (see appen- 
dix B). The definition of the drag terms along with the derivation of the equations used 
to obtain the additive and total inlet drag from measured quantities are also presented in 
appendix B. 

The dynamic pressures were recorded with subminiature strain gage type pressure 
transducers whose output was fed into rms meters. The values of dynamic distortion re- 
j ported herein are area weighted averages of the four dynamic total pressures taken at the 
| compressor face station. The bypass mass flow ratio m^p/iUg is obtained by subtract - 
! ing compressor face mass flow ratios measured at a particular open bypass condition 
from that measured with closed bypass door at the same cowl -lip -station entrance Mach 
number Mj. The entrance Mach number is determined by using an average area 
weighted total pressure from the cowl face rake and the centerbody static pressures 
measured at the rake station. 

The axial loads reported are an average of 10 readings randomly taken over a period 
of roughly 2 seconds. This technique of data taking was necessitated by a condition of 
model vibration during testing and resulted in typical standard deviations of the 10 load 
cell readings of 8 newtons. 


Test Condition 

The Mach numbers tested were nominally 0. 8, 0. 9, 1. 0, 1. 1, 1. 2, and 1. 27. The 
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associated Reynolds numbers were roughly 1.38, 1.41, 1.46, 1.51, 1.54, and 1.54x10 
per meter, respectively. The inlet nacelle was tested both under a wing and isolated 
without a wing. During the isolated nacelle test, the inlet was tested at angles of attack 
of 2°, 5°, and 10° at Mach 1. 27 and at 0° at all six Mach numbers. The engine cor- 
rected weight flow schedule used herein is presented in figure 8. 
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RESULTS AND DISCUSSION 


The total drag coefficient and performance of the 60-40 T inlet at the design cor- 
rected weight flow are plotted as functions of Mach number for two bypass door config- 
urations in figure 9. The experimental data were cross-plotted to obtain the curve. 

There are transonic drag rises of roughly 0. 140 and 0. 100 in the total drag coefficient 
associated with the closed and 5° flap bypass door configurations, respectively. The 
major part of the drag rise lies between Mach 0. 9 and 1.1. At a free stream Mach num- 
ber of 0.8 there are lower total drags with cowl spillage (bypass closed) than with the by- 
pass spillage configurations (5° bypass door configuration). At a free stream Mach num- 
ber of 1.27 the opposite is true and the bypass spillage configurations have a lower drag 
than cowl spillage configurations. When single flap doors were installed in place of the 
multiple flap doors the total drag coefficient at subsonic speeds increased by at most 
0.015. 

The transonic no bypass flow total pressure recovery of the 60-40 T inlet measured 
at the design corrected weight flow was 0.984 at Mach 0. 8 and varied only 0.005 between 
Mach 0. 8 and 1. 2. However, at Mach 1. 27 the recovery is starting to drop faster, the 
drop being 0. 005 between 1. 2 and 1. 27. When the multiple flap bypass doors are set at 
5° the total pressure drop of 0. 005 at Mach 1. 27 is not observed (see fig. 9(b)). 

The inlet exhibited a steady -state distortion value that lies within the 0. 06 to 0. 11 
range at design corrected weight flow. There is a greater percentage difference in the 
steady-state distortion and dynamic distortion between the two bypass configurations than 
experienced with the total pressure recovery. Not only is the steady-state distortion 
0. 02 to 0.03 count larger when 5° flap doors are used, but it is also not constant over 
the Mach number range tested (see fig. 9). The magnitudes of the dynamic distortion 
data are relatively low and consequently may not be of much interest. The dynamic dis- 
tortion for both bypass conditions falls mostly in the 0.005 to 0.009 range. At no con- 
dition was the distortion outstandingly better or poorer than any other condition. The ex- 
perimental data of total pressure recovery, steady-state distortion, dynamic distortion, 
and total drag coefficient over a range of mass flow ratio are presented for reference 
only in figures 23 , 24, and 25. 

The wing installation effect on the 60-40 T inlet results in an increase of the total 
inlet drag coefficient of roughly 0. 1 at Mach 1.27 with and without bypass. These wing 
installation results are also presented in figures 9(a) and (b). It can be seen that there 
is very little effect of the presence of the wing on the total pressure recovery and dy- 
namic distortion of the bypass door 5° flap configuration. The raw data of total pressure 
recovery, steady -state distortion, dynamic distortion, and total drag coefficient over a 
range of mass flow ratios with a nacelle under a wing are presented in figures 24 and 25. 
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Inlet Performance 


Angle of attack. - Angle of attack data at a free stream Mach number of 1. 27 at de- 
sign corrected weight flow and with multiple flap bypass doors at 0°, 5°, and 10° flap 
angle are presented in figure 10. All three evaluation parameters (i.e., total pressure 
recovery, steady -state distortion, and dynamic distortion) deteriorated considerably 
with angle of attack. The highest pressure recovery at 10° angle of attack was 0.942 
with the 5° flaps and the lowest was 0. 896 with the 10° flaps. The closed bypass door 
configuration yields a recovery of 0.926 between the other two configurations. This 
varying performance trend indicates that at angle of attack a different scheduling of by- 
pass door flap angle may be required. The increase in the steady -state distortion with 
angle of attack was roughly 0.05 for both the 0° and 5° bypass door flap configuration. 

The increase in steady-state distortion for the 10° bypass flap was 0. 11. The spread in 
dynamic distortion is from 0.005 at 0° angle of attack to roughly 0. 017 at 10° angle of 
attack depending on bypass door flap angle. 

Pressure recovery. - The performance at the design corrected engine weight flow of 
the 60-40 T inlet is presented in figure 11 as a function of bypass mass flow ratio (a = 0) 
for the series of Mach numbers tested. Both multiple and single flap data are presented. 
Except for the 10° bypass door flap angle all pressure recoveries fell in a band from 

0. 975 to 0. 990 for all the transonic Mach numbers tested and for both the single and mul- 
tiple flap bypass door configurations. When the flaps were set at 10° the total pressure 
recovery varied from 0.94 at Mq = 1. 1 to 0.98 at Mq = 0.80. 

Distortion . - For all the Mach numbers tested except 0. 8 and for all configurations 
tested the steady -state distortion always lies within the 0. 05 to 0.07 range at zero bypass 
mass flow spillage, and all increased monotonically to 0. 15 to 0. 17 at a roughly 0. 12 by- 
pass mass flow. Except for two single flap high bypass mass flow conditions the dynamic 
distortion was always less than 0. 01. 

To present a more detailed picture of how the bypass door configuration affects the 
steady-state distortion, four contour plots at the design corrected weight flow are pre- 
sented in figure 12. The duct struts that are indicated in the figure start 5. 546 compres- 
sor face duct heights upstream and extend 0.230 duct height downstream of the compres- 
sor face measuring station. At a free stream Mach number of 1.27 (fig. 12) there is a 
gradual thickening of the centerbody boundary layer between the bypass doors as the mul- 
tiple flaps opened from their closed position (fig. 12(a)) to 5° (fig. 12(b)) and then to 10° 
flap angle (fig. 12(c)). The greater the bypass flow the greater the distortion. At large 
bypass flows the poorest recovery is occurring at the circumferential location midway 
between bypass doors. To further depict this point the radial total pressure recovery ob- 
tained from a rake located midway between two adjacent bypass openings is included on 
each contour map. The distortions are more severe at a free stream Mach number of 

1. 27 than at 0. 8 as demonstrated by comparing figure 12(b) with 12(d). 
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The dynamic distortion data at the design corrected weight flow (fig. 13) and at a 
flow larger than the design corrected weight flow (fig. 14) is compared with total pres- 
sure recovery for free stream Mach numbers of 0. 8 and 1. 27. The dynamic data and 
total pressure recovery were taken during different runs so that compressor face mass 
flow, bypass mass flow, and free stream Mach number may be somewhat different be- 
tween comparable data. Nevertheless, a generalization can be made about dynamic dis- 
tortion: The largest dynamic distortion occurs where there is a steep gradient in total 
pressure recovery. This characteristic is exhibited for all free stream Mach numbers 
tested. Whenever the gradient of the total pressure is small, such as is presented in 
figure 13(c), the rms total pressures obtained are also small. In addition, data from 
various bypass door configurations are also presented in the figures. It can be seen by 
comparing figures 13(a), (b), and (c) that the flap angle setting of the multiple flap doors 
does not affect the local magnitude of the dynamic pressures. The sensitivity of the lo- 
calized dynamic distortion to the internal flow conditions is demonstrated in figure 14(a) 
where the compressor face mass flow ratio has been increased slightly above that meas- 
ured at the design point (fig. 13(c)). 

To further examine the dynamic distortion, power spectral densities (PSD) were 
taken at a few supercritical mass flows at each of the five transducers used in the model. 
These PSD’s along with tunnel wall static transducer data taken near the inlet station are 
presented in figure 15(a) for a configuration with 10° multiple flap bypass doors and 
tested at Mach 1. 27. The corresponding rms and averaged total pressures are presented 
in figure 14(a). Generally, the wind tunnel signatures at 740, 800, and 860 hertz appear 
on the recording of all but one transducer. The peak magnitude in the PSD of the sig- 
natures for the compressor face total pressures all fall between 10^ and 10^ (newtons per 

p 

square meter) per hertz, while the peak for the tunnel static is roughly a tenth of this 
value. The PSD’s of the pressure taken in the high shear layer do not exhibit any trace 
of the tunnel signature, because the signature is swamped by the background noise occur- 
ring at this location in the diffuser flow. The PSD’s of the tunnel signature are small, 
since they are only observable when the rms’s of the dynamic pressures are less than 
0. 015 of the local total pressure. The tunnel signatures that occur at 1925 and 2375 
hertz are not detected at the compressor face station. These disturbances are primarily 
due to "tunnel -bleed -hole” interaction and are noise generated at the tunnel wall (ref. 4). 
The disturbance near 800 hertz originates from the tunnel compressor since the compres- 
sor speed is controlled from 840 to 880 rpm and there are 60 blades in the last stage of 
the compressor. 

At a free stream Mach number of 0. 8, which is presented in figure 15(b), the same 
general observations can be made. There is a new tunnel signature at 1720 which also 
appears in the diffuser of the inlet. This latter signal is close to the first harmonic of 
the grouping that lies near 800 hertz. 


8 


Inlet Drag 


The variation of total drag coefficient with bypass flow at designed corrected weight 
flow is shown in figure 16. It can be seen that at the high Mach numbers it is advanta- 
geous to spill air through the bypass doors rather than over the cowl. Conversely, at 
low Mach numbers it is advantageous to spill all the air over the cowl. As the bypass 
mass flow ratio varies from 0 to 0. 12 the greatest variation in total drag coefficient oc- 
curs at Mach 0. 9 and 1.0. Consequently, the drag at Mach 0. 9 and 1. 0 is more sensitive 
to bypass door setting than at 0.8, 1. 1, 1.2, and 1. 27. 

The total drag coefficient as a function of the bypass mass flow at different compres- 
sor face mass flows is presented in figure 17. At all zero bypass mass flow conditions 
the larger the engine mass flow the smaller the total inlet drag. The same general con- 
clusions can be made when the bypass flaps are set at 5° with the exception at a free 
stream Mach number of Mq =0.8. At a flap angle of 10° there are some conditions 
where intermediate and low values of engine mass flow ratio (i. e. , 0. 550 and 0.425) will 
yield roughly the same total inlet drag. The smallest sonic drag rise occurs when the 
engine mass flow is largest. At all Mach numbers except Mach 1. 27 the inlet drag may 
increase or decrease with the bypass mass flow depending on whether the engine mass 
flow is large or small. 

The inlet total drag at constant inlet mass flow is more sensitive to the bypass door 
flap design than is indicated on the summary plot (fig. 9(b)), which applies only for con- 
stant engine flow. In figure 18 the inlet total drag coefficient is plotted as a function of 
the bypass mass flow ratio for two inlet mass flows, single and multiple flap doors, and 
various Mach numbers. There is no combination of mass flow and Mach number in which 
the single flap doors are better than the multiple flap doors. In every case tested the __ 
drag increment is a monotonic function of bypass mass flow ratio. At an inlet mass flow 
ratio of roughly 0. 58 and Mach numbers of 1. 1, 1.0, and 0.9, the difference in total in- 
let drag between the single and multiple flap bypass door configuration is generally 
smaller than the difference that exists at larger engine mass flow, that is, roughly 0. 67. 
All the experimental data of total drag coefficients over the range of mass flows tested 
are presented for reference only in figures 23, 24, and 25. 

Cowl drags . - Cowl drags were obtained by area weighting the static pressures over 
the cowl frontal area. These cowl drags are presented in figure 19(a) as a function of in- 
let capture mass flow. It depends on the test conditions whether or not the inlet dumps 
additional mass flow through the bypass doors as the total inlet mass flow ratio is varied. 
There are sections of the curve which are actually an overlap of two different curves, 
one obtained from high bypass spillage and the other from a lower bypass spillage but 
with a little higher engine flow. For ease of reading values from the curves, the zero of 
each curve in figure 19(a) is displaced by 0. 05 unit. The cowl drags and their respective 
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first derivatives as a function of inlet mass flow are both monotonic for each free stream 
Mach number tested except 0.8. At an inlet mass flow ratio of 0. 65 the cowl drag coeffi- 
cients are -0.026, -0.028, -0.030, -0.075, -0.082, and -0. 085 at free stream Mach 
numbers of 1. 27, 1.20, 1.1, 1.0, 0.9, and 0. 8, respectively. Consequently, for a given 
spillage mass flow ratio of 0. 35 over the lip there is a drag rise of 0.06 from Mach 0. 8 
to Mach 1. 27. At an inlet mass flow ratio of 0. 425 the cowl drag coefficients are -0. 078, 
-0. 100, -0. 127, -0. 193, -0. 196, and -0. 178 at free stream Mach numbers of 1. 27, 1. 2, 
1.1, 1.0, 0.9, and 0.8, respectively. The drag rise from Mach 0. 9 to Mach 1.27 is 
0 . 12 . 

Additive drag . - The additive drag of the transonic 60-40 T inlet is presented in fig- 
ure 19(b) as a function of inlet mass flow for the six Mach numbers tested. The max- 
imum theoretical mass flow ratio for supersonic spillage at Mq = 1.27 is 0. 775 (ref. 5), 
which is 0. 02 greater than what was experimentally obtained. The zeros of the drag co- 
ordinate are shifted 0. 05 unit for each free stream Mach number in a similar manner as 
with the cowl drag curves of figure 19(a). The additive drag coefficient is a linear func- 
tion of inlet mass flow for free stream Mach numbers 1. 27, 1. 2, 1. 1, and 1.0. Because 
the slope of the additive drag coefficient as a function of the inlet mass flow ratio curves 
are always greater than the slope of the cowl drag coefficients, it is always best to de- 
crease additive drag when considering trading off cowl suction drag with additive drag ex- 
cept when mj/niQ >0.6 for Mach 0. 9 and 0. 8. There may be an exception to this gen- 
eralization at Mach 0. 8 for the middle to larger inlet mass flows. If the anomaly of this 
drag curve is caused by terminal shocks resting on the cowl or centerbody surfaces, any 
conclusions made may not be applicable at a different Reynolds number, since body ter- 
minal shocks can be affected by a change in Reynolds number. 

.The sum of the cowl and additive drag is presented in figure 19(c). At Mach 0.9 and 
0. 8 the additive drag is totally recovered by a sharp edge cowl down to mass flows of 
0. 65 and 0. 62, respectively. At greater Mach numbers the additive drag is not entirely 
recovered. 

The important measurements used to determine the cowl and additive drag are wall 
statics on both the external centerbody and cowl surfaces. These wall statics are plotted 
in figure 20 for free stream Mach numbers 1. 27, 1. 0, and 0. 8 at design corrected mass 
flow and when the multiple flap angles were set at 0°, 5°, and 10°. At Mach 1. 27 with 
closed bypass doors the pressures on the centerbody surface increase rapidly to pres- 
sure values above the sonic value. This sonic value is indicated In figure 20 by an arrow 
pointing to the sonic pressure ratio. Any pressure ratios that lie above this mark are 
pressures for subsonic flow, and any pressure ratios below the mark are pressures for 
supersonic flow. The subsonic values at Mach 1. 27 (fig. 20(a)) indicate that the terminal 
shock in the internal duct flow is setting close to the cowl face station of the inlet. As 
the bypass doors are opened to 5° and 10° the terminal shock can be seen to move back 
towards the cowl face station. 


10 


The external cowl pressures presented in figure 20(a) at Mach 1. 27 indicate larger 
cowl suction (pressures less than free stream static) at the lip and at the second break in 
cowl contour. The high cowl pressure between these two low pressure regions indicates 
partial recovery of the cowl pressure to the value expected on an 8° wedge with no sub- 
sonic spillage. Experimentally there is subsonic spillage since the theoretical super- 
sonic spillage capture mass flow ratio at Mach 1. 27 is 0. 775 while the experimental 
value is 0. 755. Because the magnitudes of the difference of these two mass flow ratios, 
the cowl lip bow shock must be close to the leading edge of the cowl, and, consequently, 
the local flow angle at the cowl lip is very close to the flow angle for supersonic spillage. 
The leading edge suction force effect, consequently, will be small and localized. As 
more air is spilled over the cowl, as with the 5° flap angle or the no bypass configura- 
tion, the local flow angle at the cowl lip increases and the suction forces extent is larger, 
as can be seen in figure 20(a). Although there is a reduction in cowl drag, there is a con- 
comitant increase in additive drag, the net effect being an increase in total drag. Con- 
sequently, for this Mach number the additive drag is not entirely recovered by the cowl 
suction forces. As less air is spilled over the cowl there is less favorable cowl suction, 
as demonstrated by the higher cowl pressures. The cowl suction force is even larger at 
Mach 1. 0 than at Mach 1. 27. At Mach 0. 8 (fig. 20(c)) there is less lip suction force at 
the high lip spillage condition than at the higher subsonic Mach numbers tested. 

The installation effect of mounting an inlet under a wing was investigated by testing 
the transonic 60-40 T inlet under a flat plate at a separation distance of roughly 0. 13 
cowl diameters. This distance was measured from the flat plate to the aft cylindrical 
portion of the inlet (0. 21 cowl diam from wing to cowl lip). Total inlet drag and cowl 
drag coefficients at conditions with and without the wing simulator are compared in fig- 
ures 21(a-l) and 21(b-l) as a function of free stream Mach number. At each bypass flap 
angle there exists a sizable transonic drag rise both with and without wing. Because of 
the assumed inlet engine flow matching, there is different mass flow spillage at practi- 
cally each plotted point. Without a wing, the conventional drag rise is followed by a con- 
stant or decreasing drag with increasing Mach number by the time Mach 1. 20 is reached. 
However, the drag data under a wing had not leveled out at the highest Mach number 
tested. If the drag coefficient without a wing is subtracted from the drag coefficient with 
a wing, an installation drag is obtained which is plotted in figure 21(b-2). There is no 
installation effect on total inlet drag until Mach 1. 1 is reached. From Mach 1. 1 up to 
and including 1. 27, the largest Mach number tested, the drag increment increased al- 
most linearly. The increment at Mach 1.27 is 0. 100. Comparing the installation incre- 
ment with the isolated total drag, figure 21(a-l), a drag increase of about 50 to 60 per- 
cent is observed with the presence of a wing. 

The installation of a wing over a nacelle will change the external static pressures in 
the vicinity of the inlet entrance. A comparison of static pressures on the simulated 
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wing and nacelle for isolated and installed conditions is presented in figure 22 for a by- 
pass multiple flap angle of 5°. The differences in mass flow ratio of the inlet between 
the wing and no wing runs were small and are listed in the figure. The static pressure 
measured at Mach 1. 27 is presented in figure 22. There are annotations in the figure to 
indicate the pressure that would result from a 10° and 15. 5° cone angle and from a nor- 
mal shock. With the installation of a wing the cone surface pressure is equivalent to that 
of a 15. 5° cone which may result from a flow separation on the plate and/or one on the 
centerbody that extends upstream to the centerbody tip. Although the bulk of the center - 
body statics are taken along a circumferential angle of 90°, at 0. 5 cowl lip diameter back 
from the centerbody tip there are four statics, each 90° from each other. The pressures 
measured by these four static tubes all agree to within the size of the symbol to indicate 
a symmetry in pressure measurement even though there is no asymuthal symmetry with 
respect to the installation configuration. The centerbody statics gradually increase to 
the normal shock value as we proceed downstream to the cowl lip. The presence of the 
wing increases the local drag forces near the lip by increasing the cowl pressures. 

Away from the cowl lip station downstream of the first break in the cowl contour the flow 
accelerates in the passage between the wing and nacelle; this is indicated by the reduced 
values of pressure measured in this region. At Mach 1.2 (fig. 22(b)) the same general 
conclusion can be made as was made with the data taken at Mach 1. 27. 

With a free stream Mach number of 1. 1 the entire flow pattern around the centerbody 
tip with the isolated nacelle does not seem to follow the normal shock cone relations. 

With the installation configuration there appears to be a detached shock setting on the 
cone tip. At Mach 1.0 (fig. 22(d)) and 0.9 (fig. 22(e)) there is no installation effect ex- 
cept perhaps near the leading edge of the cowl lip. 

In addition to the cone static pressures, total rake pressures were measured on a 
boundary layer rake mounted on the wing roughly 0. 16 cowl diameter downstream from 
the spike tip and off to the side 0. 755 cowl diameter. These rake data are presented in 
figure 22 at each of the Mach numbers tested. The boundary layer thickness is always 
smaller than the cowl lip wing separation distance except at Mach 0. 8 where it is approx- 
imately equal to the installation separation distance. 

The data shown in figure 22 indicate that the increases in cowl drag and total inlet 
drag due to the installation effect originate from cone shocks reflecting off the wing onto 
the model and/or compression waves impinging on the model from a possible thickened 
boundary layer. These increased pressures will then result in larger additive drags and 
large cowl drags. The basic total drag data as a function of engine mass flow at various 
flap angle conditions and with and without boundary plate are presented in figure 25. 


12 


SUMMARY OF RESULTS 


The transonic performance, including both pressure and drag data, of an inlet de- 
signed for Mach 2. 5 with a design contraction split of 60-40 was tested over the Mach 

0. 8 to 1. 27 range. The Reynolds number of the axisymmetric 25. 4 -centimeter model 
6 

was roughly 3. 7x10 . The inlet was basically designed by scaling down the dimensions 
of configurations that had been tested previously at their design speeds. Excessive in- 
ternal contraction that would be present at below design speeds is eliminated by collaps - 
ing various surfaces and parts and by translating the centerbody of the scaled-down inlet. 
The measurement of the total drag of the configuration with the use of a load cell enabled 
the drag to be broken down into additive, cowl, and friction drag. The following is a 
summary of results from the test: 

1. At Mach 0. 8 the inlet drag decreases when the bypass doors of the inlet are 
closed and the excess air flow is spilled over the cowl. 

2. At Mach 1. 27 the inlet drag is lowest when the bypass doors are partially open 
in order to spill excess ingested air. 

3. Even on the sharp edge of the cowl lip, suction force played an important role. 
The cowl lip suction force was responsible for the decrease in total drag at subsonic 
speeds as more air is spilled over the cowl. 

4. For small flap angles there is no drag difference between multiple and single 
flap bypass doors; at larger flap angles the single flap doors gave a larger drag. 

5. The presence of the wing results in a sizable increase of the inlet drag at high 
transonic speeds. 

Lewis Research Center, 

National Aeronautics and Space Administration, 

Cleveland, Ohio, January 4, 1974, 

501-24. 
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APPENDIX A 


A 

A, 


'DA 

'DC 

'DT 


*1 c 
h 

I 

M 

m 

P 

P 

max 

P 

min 

P 

rms 

PSD 

*2 

AP 

P 

q 

R 

AR 

w Ve/sA 
X 
Y 
Z 

Of 


SYMBOLS 

cross-sectional area, cm^ 

2 

capture area, cm 

additive drag coefficient, drag/q^A^, 

cowl drag coefficient, drag/q^A^, 

total inlet drag coefficient, drag/qgA c 

diameter of cowl lip, 21.87 cm (8.612 in.) 

force measured on load cell, N 

distance from centerbody surface, cm 

2 

impulse function, pA + pyAM , N 
Mach number 
mass flow, kg/sec 

o 

total pressure, N/m 

2 

maximum total pressure at compressor face station, N/m 

2 

minimum total pressure at compressor face station, N/m 

2 

root mean square of instantaneous pressure, N/m 

2 2 

power spectral density, (N/m ) /Hz 

2 

average total pressure at compressor face station, N/m 

P„_,, - P Ml „, N/m^ 
max min’ ' 

2 

static pressure, N/m 

2 o 

dynamic pressure, >pMv2, N/m 

radius, cm 

local duct height, cm 

2 

corrected weight flow, kg/sec/m 
axial distance from spike tip, cm 

perpendicular distance from wing simulator surface, cm 
axial distance from cowl tip, cm 
angle of attack, deg 
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Subscripts: 

BL boundary layer 
bp bypass 

0 free stream station 

1 cowl lip station 

2 compressor face station 

3 mass flow measuring station 



APPENDIX B 


DRAG CALCULATIONS 

The sketch in this appendix represents two different spillage configurations. One 
configuration uses the multiple flap bypass door where the inlet captures an Aq ^ ree 
stream tube of air. Since the engine is only to accept an Aq 3 free stream tube, the 
difference (Aq - A Q 3) is dumped out the bypass doors. The dots in the sketch an- 
notate the dump air stream tube. The other spillage configuration uses a closed bypass. 
Here the capture free stream tube is represented by Aq 3. The dashed line traces this 
stream tube through the inlet. 

This sketch depicts a decrease in additive drag, because of a decrease in frontal 
area of the free stream capture tube, whenever the bypass doors are open. There will be 
a penalty, however, associated with the bypass dumping of the air which is related to the 
nozzle efficiency of the doors. 


Pc A cowl 



Load cell 


Model station 
identification 


The various drag terms used in the report were calculated by using the following 
expressions: 


F A f 1 ! " V + Pcone AA cone " P(/ A c " A 0,bp^ 


F C “Z p c ^cowl 
F F = C f s f q 0 
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where 


C f = f(M 0 ) (ref. 6) 

and S { is the external wetted flow area. 

F T = F lc + 1 Z " *0 + + p CA A CA " p 0^ A b + ^A + A 3 “ A 0,bp ) 

where 

I 0 = 2( lo A 0,bp + p 0 A 0,bp 

h = P 1< A C - A cone ) + **l U l (A c ' A cone ) 

*3 = p 3 A 3 + yM 3 p 3 A 3 

m l 

A 0,bp " A c ~ 
m 0 

and 

additive drag 
F r cowl drag 
F f friction drag 
F t total inlet drag 
I impulse function 

with the subscripts 

CA cavity 
cone cone 
cowl cowl 
b base 

The actual drag coefficients are obtained by dividing the previously listed drags by q Q A c . 
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TABLE I. - INLET COORDINATES 


[60-40 T inlet lip station, 1. 3852; centerbody 
translation, 0.2909.] 


Centerbody 

Cowl, internal 

Cowl, 

internal 

X/ D c 

R/D c 

Z/D c 

R/D c 

Z/D c 

R/D c 

0. 0000 

0. 0000 

0. 0000 

a 0. 5000 

1.4644 

0. 5022 

.2322 

.0409 

.0448 

.5039 

1.5030 

.5051 

1.4145 

.2494 

. 1029 

.5086 

1.5631 

.5098 

1.4293 

.2520 

. 1609 

.5127 

1.6191 

.5135 

1.4873 

.2629 

.2190 

.5159 

1. 7353 

.5174 

1. 5454 

.2697 

.2771 

.5182 

1.8514 

.5195 

1. 6035 

.2717 

.3351 

.5193 

1.9675 

.5207 

1. 6615 

.2697 

.3932 

.5188 

2. 0466 

.5214 

1. 7196 

.2679 

.4512 

.5172 

2.0836 

.5217 

1. 7776 

.2661 

.5093 

.5152 

2. 2175 

.5225 

1. 8357 

.2642 

.5673 

.5136 

2.4497 

.5208 

1. 8938 

.2610 

.6254 

.5122 

2.5658 

.5179 

1.9518 

. 2563 

.6835 

.5107 

2.6820 

.5153 

2. 0099 

.2490 

.7415 

.5091 

2. 7400 

.5142 

2. 0679 

.2414 

.7996 

.5072 

2.7981 

.5135 

2. 1260 

.2327 

.8576 

.5049 

2. 8045 

.5134 

2. 1840 

.2253 

.9157 

.5020 

2. 9206 

.5134 

2.2421 

.2182 

. .9738 

.4993 



2. 3002 

.2120 

1. 0318 

.4971 

Cowl, external 

2. 3582 

.2058 

1. 0899 

.4957 

Z/D 

R/°c 

2.4163 

. 1998 

1. 1479 

. 4951 

c 


2.4743 

. 1962 

1. 2060 

.4949 

0.000 

a 0. 5023 

2. 5324 

. 1931 

1.2641 

.4951 

.3140 

.5464 

2. 5586 

. 1916 

1.3221 

.4962 

1.4644 

.5806 

2. 8495 

. 1916 

1.3802 

.4981 



4. 1802 

.2584 

1.4382 

.5008 




a Tip radius, 2. 54x10 ~ 2 centimeter. 




TABLE n. - STATIC PRESSURE TAP 


LOCATIONS FOR 60-40 T INLET 


[Diameter of cowl lip, = 21.87 cm. ] 


Centerbody a tap location, 
X/D c 

Cowl 0 tap location, 
Z/D c 

0.2861 

0.01219 

.4955 

. 06897 

.6396 

. 1247 

.7568 

. 1798 

.8581 

.2341 

.9487 

.2875 

1.03 14 

.3420 

1. 1079 

.4126 

1. 1794 

.4828 

1.2469 

.6082 

1.3108 

.8018 

1.3718 

.9934 

cowl station 1.3850 

1. 1831 
1.3710 


a Measured from 90° side centerline. 
b Zero degree top centerline. 


TABLE HE. - MASS FLOW RATIO CORRE- 
SPONDING TO DESIGN CORRECTED 
WEIGH TFLOW OF 60-40 T INLET 


Mach number, 
M 0 

Mass flow ratio, m^/m^ 

No bypass 

5° bypass 

10° bypass 

1.27 

0.651 

0. 651 

0.633 

1.20 

.6455 

.64 5 5 

.625 

1. 10 

.642 

.642 

.618 

1.00 

.6415 - 

.645 

.628 

.90 

.647 

.647 

.6375 

.80 

.656 

.659 

.655 






Compressor 

face station-/ ^ windshield 
Bypass doors / /r Loadce " 


- Bearing strut 


Exit plug 



Main model struts ' ^ Sting 

bearing 


Base pressure skirt - 


CD- 10868-01 


(a) Schematic showing flow passages. 




(c) Bearing surface between outer shell nonmetric (windshield) and 25.4-centimeter metric 
cylinder. All dimensions in centimeters. 

Figure 2. - Model schematic. 
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Ic) Cross section detail of flaps. Door width, 6. 558 centi- 
meters. 


Figure 3. - Detail of bypass door configuration. All di- 
mensions in centimeters unless otherwise noted. 




Figure 4. - 60-40 T inlet with 10° single flap bypass doors mounted in Lewis Research Center 8 by 6 Foot 
Supersonic Wind Tunnel. 


Figure 5. - 5° Multiple flap bypass doors looking upstream. On top of model is underside view of spare 
multiple flap door insert. 
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C -71 -3555 


Figure 6. - 60-40 T inlet without bypass doors mounted under wing simulator in Lewis Research Center 
8x6 Foot Supersonic Wind Tunnel. 


Cowl static 



Looking downstream 
from centerbody tip 


(a) Centerbody and cowl and wing simulation showing static pressure orifices. 
Figure 7. - Model instrumentation. 




Transducer location 
duct height from 
centerbody, 
h/AR 

0. 17 
.45 
.69 
.89 

Total pressure tube 
location duct height 
from centerbody, 
h/AR 

0.117 

.321 

.498 

.657 

.802 

.936 

d Subminature strain 
gage type pressure 
transducer 

Solid symbols denote static 
pressure taps 


Rake 

1 



(b) Compressor face instrumentation. Model station, 3. 833 cowl diameters. Looking downstream at 
compressor face rakes and statics. 



(c) Cowl face instrumentation. Looking downstream at cowl face rake. 
Figure 7. - Concluded. Model instrumentation. 





















Dynamic distortion, P rms /P 2 Steady-state distortion, Pressure recovery, P 2 /P 







(a) Mach number, Mq ■ 1 . 27; bypass doors closed. Bypass mass flow ratio, m^/mg ■ 0; 
average total pressure recovery, P^/Pg * 0.975; mass flow ratio, mj/mg * olbSO; pres- 


sure ratio, (P max -P m|n )/P 2 


(b) Mach number, Mg • 1. 27; 5° multiple flap doors. _Bypass mass flow ratio, 
m bp/ m 0 ° °* 069 ; average total pressure recovery P^Pg - Cl 978; mass flow ratio, 
my m 0 - 0.652; pressure ratio, (P max - P m j n * /f> 2 “ & &45. 



Figure 12. - Total pressure recovery contours at compressor face station of 60-40 T in- 
let at design corrected weight flow. Looking downstream at compressor face rake 
station 3. 832. 
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Figure 13. - Comparison of dynamic distortion with total pressure 
recoveries at compressor face station of 60-40 T inlet at design 
corrected weight flow. 



Auto spectral power density, IN/m^r/Hz 


(a-1) Tunnel wall static pressure at Inlet lip station. 




(a) Mach number, Mq - 1. 71 . 

Figure 15. - Autospectral power density traces. 60-40 T inlet with 10P multiple Map bypass doors; rms data for these in 
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Bypass mass flow ratio, m^/mQ Bypass mass flow ratio, m^/mp 

(e) Mach number, Mq * 0.9. (f) Mach number, Mq « 0. 8. (d) Mach number, Mq * 0. 9. (e) Mach number, Mq * 0. 8. 

Figure 16. - Variation of total drag coefficient of transonic 60-40 T inlet Figure 17. - Total drag coefficient of 60-40 T inlet as function of bypass spil- 

with bypass mass flow ratio at design corrected weight flow. lage at various compressor face mass flows. 










Static pressure ratio, P/P 








Static pressure ratio, P/Pg 


Wing plate 


Nacelle 


- Rake location 






(c) Mach number. Mg = 1. 1; mass flow ratio difference, Am/mg = 0. 014 
Figure 22 . - Effect of wing on nacelle external static pressure for 60-40 T inlet with 5° multiple flap bypass doors. 
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